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Preterm-born children commonly experience motor, cognitive, and learning difficulties that may be accompanied by altered brain
microstructure, connectivity, and neurochemistry. However, the mechanisms linking the altered neurophysiology with the behav-
ioral outcomes are unknown. Here we provide the first physiological evidence that human adolescents born preterm at or before 37
weeks of completed gestation have a significantly reduced capacity for cortical neuroplasticity, the key overall mechanism under-
lying learning and memory. We examined motor cortex neuroplasticity in three groups of adolescents who were born after
gestations of 32 completed weeks (early preterm), 33–37 weeks (late preterm), and 38– 41 weeks (term) using a noninvasive
transcranial magnetic brain stimulation technique to induce long-term depression (LTD)-like neuroplasticity. Compared with
term-born adolescents, both early and late preterm adolescents had reduced LTD-like neuroplasticity in response to brain stim-
ulation that was also associated with low salivary cortisol levels. We also compared neuroplasticity in term-born adolescents with
that in term-born young adults, finding that the motor cortex retains a relatively enhanced neuroplastic capacity in adolescence.
These findings provide a possible mechanistic link between the altered brain physiology of preterm birth and the subsequent
associated behavioral deficits, particularly in learning and memory. They also suggest that altered hypothalamic–pituitary–
adrenal axis function due to preterm birth may be a significant modulator of this altered neuroplasticity. This latter finding may
offer options in the development of possible therapeutic interventions.
Introduction
Up to 50% of preterm children without cerebral palsy experi-
ence motor and cognitive difficulties that significantly affect
their motor development, academic progress, and social ad-
justment (Bracewell and Marlow, 2002). This is not confined
to the very preterm but includes late preterm children [i.e.,
those born at gestational age (GA) 33–37 weeks] (Chyi et al.,
2008; Morse et al., 2009; Woythaler et al., 2011), who experi-
ence greater morbidity in infancy and childhood than their
term-born peers (Escobar et al., 2006; Khashu et al., 2009) and
have lower levels of education and income in adulthood
(Lindstro¨m et al., 2007).
These functional impairments are accompanied by altera-
tions in neuroanatomy that persist in late adolescence and
include the major motor control areas (Peterson et al., 2003;
Mullen et al., 2011). In particular, preterm birth interrupts
cortical microstructural and functional connectivity develop-
ment within and between brain regions important for motor
and sensory function, auditory and visual processing, and lan-
guage (Kapellou et al., 2006; Counsell et al., 2008; Kesler et al.,
2008; Lodygensky et al., 2010; Smyser et al., 2010, 2011).
Emerging evidence also suggests abnormalities in neurochem-
ical and hormone production and responsiveness, although
this has yet to be examined in late preterm children. For ex-
ample, early preterm birth is associated with long-term alter-
ations in cortisol secretion and stress responsiveness (Grunau
et al., 2007; Fernandez et al., 2008; Sullivan et al., 2008), and
exposure of extremely preterm infants to stressors in the neo-
natal intensive care unit is associated with regional changes in
brain size and functional connectivity (Smith et al., 2011).
What remains elusive is the physiological mechanism(s)
linking the anatomical and neurochemical/hormonal changes
with the behavioral deficits commonly observed. However,
the substantial evidence of a range of functional learning and
memory difficulties strongly suggests that preterm birth re-
duces the brain’s capacity for neuroplastic reorganization. In
addition, these children’s abnormal cortisol secretion is likely
to impact on their neuroplastic capacity since exogenously
Received June 29, 2012; revised Sept. 13, 2012; accepted Sept. 28, 2012.
Author contributions: J.B.P. and M.C.R. designed research; A.M.R., S.H.D., L.K., S.M.M., and A.E.S. performed
research; D.J.K. contributed unpublished reagents/analytic tools; J.B.P., A.M.R., S.H.D., L.K., and M.C.R. analyzed
data; J.B.P., J.C.R., A.C., and M.C.R. wrote the paper.
This work was supported by grants from the National Health and Medical Research Council (NHMRC; Grant
565344) and the Women’s and Children’s Hospital Research Foundation (Adelaide). J.B.P. is an M. S. McLeod Trust
Research Fellow. M.C.R. holds a NHMRC Senior Research Fellowship (ID 519313). S.H.D. is an NHMRC Peter Doherty
Research Fellow (ID 1013320).
*J.B.P. and M.C.R. contributed equally to this work.
The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Michael C. Ridding, DX 640-517 Robinson Institute, School of Paedi-
atrics andReproductiveHealth,University ofAdelaideSA5005,Australia. E-mail:michael.ridding@adelaide.edu.au.
DOI:10.1523/JNEUROSCI.3079-12.2012
Copyright © 2012 the authors 0270-6474/12/3216410-07$15.00/0
16410 • The Journal of Neuroscience, November 14, 2012 • 32(46):16410–16416
administered corticosteroids and endogenous cortisol have
been shown to influence both long-term potentiation (LTP)
and long-term depression (LTD) in adults (Sale et al., 2008;
Henckens et al., 2011; Tse et al., 2012).
Here we used noninvasive transcranial magnetic stimulation
(TMS) to examine LTD-like motor neuroplasticity in preterm-
and term-born adolescents. Salivary cortisol was also sampled to
establish whether there are persistent alterations in its levels fol-
lowing preterm birth and, if so, whether this influences neuro-
plasticity in adolescence. Lastly, we compared neuroplasticity in
term-born adolescents and adults.
Preterm birth probably influences neuroplasticity in many
brain regions, but we targeted the motor system for several rea-
sons. Themotor and sensory areas appear particularly sensitive to
events in late pregnancy. Their growth is rapid between 20 and 37
weeks GA and they are the most common sites of perinatal
brain damage (Eyre, 2003; Kapellou et al., 2006). We have also
reported preliminary data (Pitcher et al., 2009) showing sig-
nificant associations between preterm birth, corticomotor
excitability, and cognitive development, suggesting that develop-
mental abnormalities in themotorcortexmightbe reflectiveofmore
widespread changes.
Materials andMethods
Twenty-eight adolescents (15 females) participated [age: 13.8 0.5 years
(mean  SD)]. GA ranged from 26 to 41 completed weeks (34.0  3.9
weeks) and was recorded as a continuous variable (i.e., weeks GA) and as
a categorical variable. The categories were based on the World Health
Organization groupings for preterm birth and included adolescents born
early preterm (32 weeks GA; N  11, 29.9  2.0 weeks GA), late
preterm (33–36 weeks GA; N  10, 35.2  0.9 weeks GA), and at term
(37–41 weeks GA;N 7, 38.5 1.6 weeks GA). GA (completed weeks)
was obtained from each child’s hospital perinatal records as this was a
retrospective cohort. Determination was performed by the obstetrician,
and neonatologist where appropriate, using a combination of methods
including the days from lastmenstrual period (if known), antenatalmor-
phometric ultrasounds (if available), and Dubowitz score at birth
(Dubowitz et al., 1970). Nine term-born adults (GA determined by ma-
ternal report) were also studied (24.0 5.4 years). All participants com-
pleted a TMS safety questionnaire before enrolment and gave informed,
written consent (parents/guardians for adolescents). The study was ap-
proved by the Child, Youth andWomen’s Health Service and University
of Adelaide Human Research Ethics Committees. All procedures were
performed in the afternoon and in accordance with the Declaration of
Helsinki (1998).
Birth weight centile. To differentiate influences of suboptimal fetal
growth from those of a shortened gestation, the birth weight centile
(BW%) was calculated for each adolescent using Gestation Related Op-
timal Weight software (Gardosi and Francis, 2006). Birth and maternal
information were obtained, with consent, from obstetric records. The
coefficients for calculating the BW% were derived from the Australian
database of 12,000 ultrasound-dated deliveries (Gardosi and Francis,
2006).
Cortisol. Saliva samples were obtained from each adolescent immedi-
ately before TMS baseline measures using a Salivette (Sarstedt) and stan-
dardized subject preparation procedures. Samples were stored at20°C
until assayed. Twenty-five microliters of saliva was assayed in duplicate
for cortisol by ELISA (HS-Cortisol; Salimetrics).
TMS and electromyography. Surface electromyography (EMG) record-
ings were obtained from the right first dorsal interosseousmuscle using a
muscle belly–metacarpophalangeal joint montage. EMG signals were
amplified (1000; 1902 amplifier; CED), bandpass filtered (20 Hz–1
kHz), and digitized at 5 kHz (1401 interface; CED). All data were stored
offline for later analysis.
Continuous theta burst stimulation (cTBS) uses repetitive TMS to
induce a lasting LTD-like neuroplastic change in the motor cortical rep-
resentation of, in this case, an index finger abduction muscle. The
magnitude of the LTD-like change is quantified by comparing the
preneuroplasticity and postneuroplasticity induction amplitudes of the
motor-evoked potentials (MEPs) by activating the corticomotor repre-
sentation with single-pulse TMS. Single-pulse TMS was applied to the
left motor cortex hand area using a Magstim 2002 stimulator (Magstim)
with a figure-of-eight coil (9 cm diameter). The coil was placed in the
optimal position to evoke a response in the relaxed right first dorsal
interosseous muscle. The coil was held tangentially to the scalp with the
handle pointing posteriorly and 45° from the midline to produce a pos-
terior–anterior current in the cortex.
Resting motor threshold (RMT) was determined as the minimum
stimulus intensity required to elicit anMEP 50V in at least five of 10
consecutive trials. Active motor threshold (AMT) was defined as the
TMS intensity (as a percentage of the maximum stimulator output) re-
quired to elicit an MEP 200 V in at least five of 10 consecutive trials
when the participant was performing a voluntary contraction of 10% of
their maximum.
Corticomotor excitability was examined before and following the
cTBS. Stimulator intensity was adjusted to evoke baseline MEPs of 1
mV peak to peak amplitude. This stimulator intensity was then used
throughout the experiment for evoking test MEPs. Stimuli were deliv-
ered every 6 s with10% variance in blocks of 15. MEP recordings were
obtained before and at 0, 5, 10, 20, 30, 45, and 60 min after cTBS. An air
film coil connected to aMagstim Rapid2 stimulator (Magstim) was used
to deliver cTBS. As previously described (Huang et al., 2005), cTBS con-
sisted of bursts of three pulses at 50 Hz every 200ms for 40 s (total of 600
pulses) with the stimulation intensity set at 80% of AMT.
Data and statistical analysis. All MEPs were recorded at high gain and
any with obvious EMG activity in the 50 ms before the TMS stimulus
were discarded online. Individual MEPs were also analyzed offline and
any trials contaminated in the 50 ms before TMS with EMG activity
greater than 2 SD of the root mean squared background EMG were
discarded. The amplitude of the baseline MEP (in mV) was recorded for
each participant and the mean baseline MEP amplitude calculated for
each GA group. AverageMEP amplitudes were calculated in each partic-
ipant for each block at each time point. The mean MEP amplitude for
each time point was then normalized to the amplitude of the baseline
MEP. Normal distribution and homogeneity of variance of the data were
assessed using the Kolmogorov–Smirnov test and Levene’s statistic, re-
spectively, with GA group as the factor.
Data were analyzed with repeated-measures ANOVA (rm-ANOVA)
with polynomial contrasts andBonferroni’s correction formultiple com-
parisons. The between-subjects factorwasGAGroup (up to 3 levels; early
preterm, late preterm, or term) or Age Group (2 levels; adolescent or
adult) and thewithin-subjects factor was Time (up to 7 levels; 0, 5, 10, 20,
30, 45, and 60 min post-cTBS). Post hoc analysis was performed where
appropriate using Tukey’s HSD for comparisons between GA Groups at
specific time points.
Separate rm-ANOVA for each GA Group and Age Group were con-
ducted on the raw MEP data with the factor Time (8 levels; pre-cTBS, 0,
5, 10, 20, 30, 45, and 60 min post-cTBS). Paired-samples t tests were
performed post hoc where appropriate to compare the post-cTBS and
baseline MEP amplitudes. The influence of birth weight centile and sal-
ivary cortisol level were determined with covariate analyses. Linear re-
gression analyses were used to examine relationships between GA (in
weeks), responses to cTBS, and the influence of other explanatory vari-
ables including birth weight centile, handedness, sex, and cortisol level.
Results
The participant characteristics for adolescents (separated by GA
group) and adults are summarized in Table 1. There was no dif-
ference in RMT or AMT between the three GA groups, nor was
there any difference in the stimulator intensity used to evoke test
MEPs or the amplitude (inmV) of the baselineMEPbefore cTBS.
LTD-like neuroplasticity is reduced in preterm adolescents
Across all participants,MEP amplitude was suppressed following
cTBS (F(8,200) 3.1, p 0.003), indicating LTD-like neuroplas-
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ticity had been induced. However, the magnitude of the neuro-
plastic response differed between the GA groups (F(2,25)  6.9,
p  0.004), as did the time course of the effects (F(16,200)  2.1,
p  0.01). While the term-born adolescents demonstrated a ro-
bust reduction in MEP amplitude at every time point following
cTBS (F(8,48)  4.90, p  0.0001; Fig. 1), in the late preterm
adolescents,MEP reduction was evident only at 5, 10, and 30min
post-cTBS. In the early preterm adolescents, cTBS did not alter
MEP amplitude at any time point. The meanMEP amplitude for
each GA group (relative to baseline) for the 60 min of follow-up
is shown in Figure 1B. The average post-cTBSMEP reductionwas
greater in term-born adolescents than in both the late preterm
(mean difference 35.3%, p 0.009) and early preterm (mean
difference  41.4%, p  0.002) groups. Regression analysis re-
vealed that for every week of GA, MEP suppression increased
3.2% (R2  0.30, F(1,27)  10.1, p  0.004; Fig. 2): Mean MEP
suppression [average of all post-cTBS time points (expressed as a
percentage of test MEP amplitude)] 212.3 3.8 (GA).
Low salivary cortisol is associated with a reduced LTD-like
neuroplastic response
Useable saliva samples were obtained from 23 adolescents. Five
samples (2 early preterm, 1 late preterm, and 2 term-born) were
contaminated with blood and excluded from the analysis. Given
the well characterized diurnal variations in human cortisol levels,
it was important to ensure there were no systematic differences in
the time of assessment across the three GA groups. There was no
difference in the time of day (mean 13:53 h) at which the cTBS
experiments were performed across the three GA groups and no
effect of time of day on any of the analyses.
Salivary cortisol levels immediately before cTBS ranged be-
tween 1.4 and 7.3 nmol/l. Fewer than 30% of subjects returned
salivary cortisol levels 4 nmol/l and all but two of these
subjects were term-born. Oskis and colleagues (2012) have
reported salivary cortisol levels ranging between 4 and 7
Figure 1. Average MEP responses of adolescents to cTBS. A, Compared with both groups of
preterm adolescents, term-born adolescents responded with greater andmore persistent sup-
pression of MEP amplitude at all time points following cTBS. B, There was no difference be-
tween the twopretermgroups at any timepoint, orwhen themeanMEP response for the entire
60min follow-upwas compared. Data are groupmean SD, *p 0.05when comparedwith
both preterm groups.
Figure 2. LTD-like neuroplastic changes were smaller with decreasing GA at birth. Data are
individual mean MEP amplitudes (expressed relative to baseline i.e., 100%) during the 60 min
follow-up after cTBS.
Table 1. Study Participant Characteristics. Adolescents are grouped by GA group. Data are groupmeans and standard deviations
Early preterm (N 11) Late preterm (N 10) Term (N 7) Adults (N 9)
Study participant characteristics
Age (years) 13.6 0.5 14.0 0.9 13.9 0.4 23.6 5.2
GA (weeks) 29.9 2.0*# 35.2 0.9*# 38.5 1.6 40.3 0.7
BW% 32.7 32.4* 28.1 26.9* 76.5 17.9 NA
Cortisol (nmol/l) 3.24 1.1 4.1 1.9 4.7 1.31 NA
Resting motor threshold (% stimulator output) (figure eight coil) 49.8 14.5 43.7 7.7 43.9 3.7 45.1 5.5
Active motor threshold (% stimulator output) (rTMS coil) 46.5 10.9 42.0 9.0 45.1 5.0 51.4 9.6
cTBS Intensity (% stimulator output) 37.2 8.6 33.7 7.2 36.1 3.9 41.1 7.7
Baseline MEP amplitude (mV) 0.92 0.34 1.0 0.16 1.16 0.10 1.3 0.24
Mean MEP amplitude post cTBS (% baseline) 96.3 23.3* 92.0 21.4* 55.8 23.8 79.7 12.6*
*p 0.05 when compared with term group.
#p 0.05 when compared with adults.
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nmol/l in adolescent females for the corresponding time of
day, suggesting that the levels in our preterm subjects were
abnormally low. There was a weak trend for preterm birth to
be associated with lower cortisol levels (R 2  0.12,
F(1,22) 2.8, p 0.1; Fig. 3A) but no association was detected
between cortisol level and BW% (Fig. 3B; Table 1).
To investigate whether altered cortisol levels were influenc-
ing the GA-dependent changes in cTBS response, cortisol level
was included as a covariate in the
ANOVA examining the influence of GA
group on the average post-cTBS re-
sponse. Low cortisol levels were associ-
ated with a smaller response to cTBS
(F(1,19)  15.6, p  0.001) and slightly
strengthened the main effect of GA
group on cTBS response (F(2,19)  9.3,
p  0.002). Regression analysis showed
that for every nanomole per liter of cor-
tisol, MEP suppression increased 11.2%
(R 2  0.43, F(1,23)  15.8, p  0.001;
Fig. 3C): Mean MEP suppression [aver-
age of all post-cTBS time points (ex-
pressed as a percentage of test MEP
amplitude)]  126.1  11.2 (Cortisol,
in nmol/l).
cTBS response in term-born
adolescents and adults
The response to cTBS in the seven term-
born adolescents described above was com-
pared with that in nine term-born young
adults (Table 1). The response to cTBS was
greater in the term-born adolescents than in
the adults (F(1,16) 8.59, p 0.01; Fig. 4B)
and the time course of effects differed be-
tween the two groups (F(1,16)  8.59, p 
0.01) due to the adolescents having a larger
response to cTBS than the adults at 0 and 60
min post-cTBS (Fig. 4A).
Discussion
A normally functioning cortex is critical in motor, cognitive, and
sensoryprocesses that relyonactivity-dependent learning.BothLTP
and LTD have been strongly implicated as key underlying cellular
mechanisms of cortical plasticity, and factors altering their normal
induction have been associated with learning impairments (for re-
view, see Feldman, 2009). This is the first study to provide physio-
logical evidence in humans that preterm birth is associated with
impairments in LTD-like neuroplasticity that are apparent in ado-
lescence. In contrast to term-born adolescents whose response to
cTBS was characterized by a robust and long-lasting suppression of
MEP amplitude, even very modest levels of prematurity were asso-
ciated with a blunted neuroplastic response. In addition, cortisol
levels were low in the preterm adolescents and these low levels were
strongly associated with a reduced cTBS response. Lastly, the cTBS
response in term-born adolescents was greater than that in young
term-born adults, suggesting that the motor cortex remains highly
responsive to neuroplastic interventions in early adolescence, but
only in individuals born at term.
Perhaps the most surprising finding was that even very
modest preterm birth was associated with a reduced response
to cTBS. The mechanisms underlying this are not clear and, in
particular, it is not clear whether cortisol levels have a direct
effect on the response to cTBS, or whether altered cortisol and
the reduced response to cTBS are separate manifestations of
altered development of circadian rhythmicity as a conse-
quence of preterm birth. The main conclusions of this study
rely on the assumption that the response to cTBS is due to
short-term LTD-like neuroplastic mechanisms and it should
be noted that at present it is impossible to conclusively prove
the involvement of such mechanisms. Indeed, it is likely that
Figure 3. The influence of salivary cortisol level on MEP suppression after cTBS. A, B, Cortisol levels tended to be lower with
reduced GA (A), but there was no association with BW% (B). Data are results from individual subjects. C, Adolescents with low
cortisol levels immediately before cTBS showed very little neuroplastic change in mean MEP following cTBS. Data are individual
mean MEP amplitudes (expressed relative to baseline; i.e., 100%) during the 60 min follow-up after cTBS.
Figure 4. MEP responses to cTBS in term-born adolescents and adults.A,B, The adolescents
showed greater LTD-like MEP suppression than adults at several time points during the 60min
follow-up after cTBS (A) and when the age group mean response for the entire 60 min of
follow-up was compared (B). Data are group mean SD, *p 0.05 when adolescents and
adults are compared.
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the response to cTBS can be influenced by modifications in
many elements of cortical circuitry. However, there are a
number of features of the response to cTBS that suggest in-
volvement of synaptic neuroplastic mechanisms (for review,
see Hoogendam et al., 2010). Both LTD and LTP are often
thought of as NMDAR-dependent processes and there is some
additional pharmacological evidence that the effects induced
by cTBS task are also due to NMDAR-dependent processes.
For example, prior administration of NMDAR antagonists
blocks the response to cTBS in healthy humans (Huang et al.,
2007). In addition, the partial NMDAR-dependent agonist
D-cycloserine modulates the response to the similar, but facili-
tatory, intermittent theta burst stimulation (iTBS) paradigm
(Teo et al., 2007). Also, dopamine is known to exert influence
on neuroplasticity and D2 receptor blockade with sulpiride
has been shown to block the response to both cTBS and iTBS
(Monte-Silva et al., 2011). Therefore, although not conclu-
sively proven, we suggest the most likely mechanism respon-
sible for the response to cTBS is a NMDAR-dependent short-
term LTD-like process.
Only very limited conclusions can be drawn regarding the
influence of cortisol levels on the response to cTBS based on a
single sample. In addition, in the present study, we provide no
evidence for a causal relationship between cortisol and the al-
tered response to cTBS. However, given the strength of the associa-
tion between cortisol levels and the magnitude of the
neuroplastic response, we suggest some speculation is warranted.
Both fetal growth restriction (evident as low BW%) and preterm
birth have been implicated in programming altered responsive-
ness of the hypothalamic–pituitary–adrenal axis postnatally and
in adulthood (Sullivan et al., 2008). Further, animal studies have
demonstrated that increased or decreased corticosterone levels
not only have bidirectional effects on the induction of NMDAR-
mediated hippocampal LTP and LTD, but exposure to abnormal
levels (high or low) of corticosterone alters both the function and
subunit composition of NMDARs, even in adult animals, and
hence neuroplasticity (for review, see Tse et al., 2012). The effects
of corticosterone on LTP and LTD differ, with the relationship
between corticosterone level and NMDAR-mediated LTP in-
duction being an inverted U-shape (Diamond et al., 1992; Rey
et al., 1994), whereas increased corticosterone levels facilitate
NMDAR-mediated LTD (Yang et al., 2004; Chaouloff et al.,
2008). Our findings show that, compared with their term-
born peers, adolescents born preterm tend to have low levels
of cortisol and this is associated with a limited capacity for
induction of NMDAR-mediated LTD-like motor cortical neu-
roplasticity in these individuals.
The term-born adolescents exhibited a greater response to
cTBS than the young adults. The magnitude and time course of
the response in the young adults was comparable to that previ-
ously reported in older adults (Huang et al., 2005). In contrast,
MEPs continued to be suppressed in term-born adolescents at 60
min, suggesting the after-effects of cTBS are more enduring in
adolescents than adults. It is interesting to note that the LTD
induction threshold is increased in sensory, motor, and visual
cortices of adult animals compared with juveniles (Sawtell et al.,
2003; Sizemore and Perkel, 2011). In humans, immaturity is gen-
erally associated with enhanced neuroplasticity, even outside the
perinatal periods of increased synaptogenesis and pruning, and
there is evidence that various regions of cortex retain enhanced
neuroplastic capacities into adolescence. Therefore, the en-
hanced cTBS response seen in term-born adolescents may reflect
the greater neuroplastic capabilities of the still-developingmotor
cortex.
The differences in neuroplasticity induction between the pre-
term and term-born adolescents (or the term-born adolescents
and adults) are unlikely to be due to technical factors such as
individual variations in the baseline MEP amplitude or cTBS
stimulus intensity used. Although the influence of factors includ-
ing stimulus intensity and baseline response amplitude has not
been examined in human studies, Dudek and Bear (1993)
showed in rat hippocampus slice experiments that the larger the
amplitude of the baseline response, the greater the subsequent
depression in the slope of the EPSP (i.e., LTD) induced.However,
in the current study, there were no significant differences in mo-
tor thresholds, baseline MEP amplitudes, or the stimulus inten-
sities used for cTBS across the differentGA groups or between the
adolescents and adults.
There are several limitations to this study that warrant
mention. The most obvious is that we have no evidence as to
whether the response to a facilitatory brain stimulation inter-
vention (such as intermittent theta burst stimulation), which
is thought to be due to LTP-like processes, is similarly affected.
However, induction of facilitatory changes with repetitive
TMS increases cortical excitability and hence, the risk of sei-
zure induction. While no study participant had any history of
seizures or epilepsy, we chose to err on the side of caution and
use only an intervention that suppresses cortical excitability.
While not necessarily a limitation, we studied adolescents
partly because young children have high thresholds to TMS
and partly because the adolescents were all members of a
larger, previously studied cohort and not naive to TMS. This
latter point is important in terms of minimizing stress for a
study in which cortisol levels were assessed. The fact that we
could demonstrate a difference in cTBS response between
these preterm and term-born individuals indicates that the
altered cortical function with preterm birth remains at least
into adolescence. While there was adequate power in this
study to reliably detect differences due to GA, BW%, and cor-
tisol, the sample size was too small to detect any influence of
subject sex or exposure to prenatal corticosteroids. Also, a
single daytime cortisol sample may give some indication of
altered hypothalamic–pituitary–adrenal axis and/or suprachi-
asmatic nucleus function, but only very limited conclusions
can be drawn. A more comprehensive diurnal profile is re-
quired to further confirm our speculations.
No magnetic resonance imaging data were available for the
adolescents studied. For inclusion in this study, children had
to have had no history of perinatal brain injury based upon
neonatal cerebral ultrasounds and clinical assessments. We
also excluded children in whom ipsilateral responses to TMS
were evident. While ipsilateral responses can be developmen-
tal, they may also indicate the presence of a corticospinal tract
lesion (Eyre et al., 2001). Despite this, it is possible that mild
brain injury might have been present in some participants and
that different mechanisms were responsible for the reduced
response to cTBS in subjects with and without brain lesions.
However, up to 25% of preterm children with apparently nor-
mal MRI/diffusion tensor imaging results exhibit motor and
cognitive dysfunction (Miller et al., 2005; Ludeman et al.,
2008), suggesting that most current clinical imaging modali-
ties have limitations in detecting the microstructural abnor-
malities associated with otherwise neurologically normal
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preterm birth. A final limitation is that we had no measure of
attention during the cTBS procedure. It has been shown pre-
viously that attention can modulate of the response to similar
brain stimulation paradigms (Stefan et al., 2004). Therefore, it
is possible that differences in attention between term-born
and preterm adolescents, at baseline and/or during cTBS,
might contribute to the results.
In summary, this study has provided novel evidence for
impairments in the response to cTBS in humans born preterm
that remains evident in adolescence. This impairment is
clearly evident in individuals born only mildly preterm, with
no known history of perinatal brain lesions and who, apart
from their prematurity, were considered clinically normal at
birth. We suggest that this reduced cTBS response reflects
limitations in neuroplasticity that may underlie some of the
motor and cognitive impairments reported in early and late
preterm children and adolescents. Finally, if the reduced neu-
roplastic response to cTBS reflects, at least in part, limitations
in the structural matrix of neurons and their synapses, there
might be major consequences later in life, not only in terms of
limitations to recovery from brain injury where neuroplastic
reorganization is required (e.g., recovery from stroke), but
also inmaintainingmemory of motor and cognitive functions.
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